The objective of the study was (1) to measure systematically the orientation, morphology, and population density of endothelial nuclei of the canine thoracic aorta and its major branches and (2) to obtain evidence in a chronic in vivo preparation that altered flow patterns do indeed change patterns of nuclear orientation. For this purpose, a segment of the descending thoracic aorta was removed, opened longitudinally, and reclosed to form a tube with a new longitudinal axis 90° from the original vessel axis. The new segment was then sutured back in place. The animals were killed at suitable postoperative periods. Endothelial nuclear patterns were studied from en face photomicrographs of preparations stained with Evans blue dye. Results indicated: (1) In uniform vessel segments, e.g., middle and lower descending thoracic aorta, the nuclei were oriented parallel to the axis of the blood vessel, and the ratio of major to minor axes of the nucleus was large. The flow in these regions is known to be stable. (2) Nonaxial, less-ordered nuclear orientation with smaller ratios of major to minor axes were found in entrance regions of many major arteries and in the ascending aorta. (3) In chronic studies in which the flow pattern was altered, the nuclear pattern realigned in the direction of flow within 10 days after surgery. stresses produced by blood flow in the arterial tree.
KEY WORDS endothelial nuclear orientation with blood flow arteriosclerosis endothelial nuclear orientation with wall shear en face endothelial preparation size and shape of endothelial nuclei dog aorta • Recent observations in our laboratory have indicated that endothelial nuclear morphology can be altered by acute exposure to increased shear stress in vivo (1, 2) and in vitro (3) . Therefore the normal patterns of nuclear orientation, shape, and population density of endothelium at various anatomic sites were examined to test the hypothesis that these variables may be related to physiological (9) . However, none of the above studies were carried out for the purpose of examining systematically the endothelial nuclear patterns at various sites throughout the arterial tree.
The present investigation was divided into two related studies: (1) anatomic and (2) physiological. The objective of the anatomic study was to define systematically the orientation, morphology, and population density of endothelial nuclei in canine arterial tissue stretched to approximately in vivo dimensions. The endothelial patterns thus documented will then be available for comparison with actual blood flow patterns to be measured in future experiments. The objective of the physiological study was to obtain direct evidence in a chronic in vivo preparation that altered flow patterns do indeed change the patterns of endothelial nuclear orientation and morphology-Methods
ANATOMIC STUDY
Tissue Preparation.-Thoracic and abdominal aortas along with their major branches were exposed in 15 mongrel dogs, weighing 25-35 kg, anesthetized with pentobarbital (Nembutal) (30 mg/kg body weight, i.v.). In vivo lengths of arterial segments were marked with sutures carefully placed in the adventitia, and these lengths and midsegment diameters were measured with Vernier calipers. The intra-arterial pressure was checked with a Statham P23DB gauge to be sure that the dogs were normotensive. The vessel segments were excised and debrided of excess adventitial tissue. The segments were then opened and mounted to examine systematically the nuclear patterns at multiple sites in the aorta and major branch arteries by three different methods.
Method l.-ln five dogs, straight segments and branching segments were opened longitudinally along the posterior or dorsal aspect as indicated in Figure 1A . The vessel segments were then stretched to as near their in vivo dimensions as possible and mounted for en face observation. We found that endothelial nuclei of fresh blood vessels can be stained with Evans blue dye only if they are previously exposed briefly to aqueous solutions of any one of a number of polar organic solvents such as propanol, ethanol, or acetone. For the present study, the tissue was washed briefly with a solution of 50% 2-propanol in water. The surface was then exposed for 10-15 seconds to a 0.125% solution of Evans blue dye U.S.P.
(Wamer-Chilcott) in saline buffered to pH 7.4. The freshly stained endothelial surface was then examined under a microscope with either a 10X dry objective or a 40x water-immersion objective and direct illumination. The longitudinal axis of each arterial segment was aligned with the horizontal axis on the microscope stage ( Fig.  IB) . For branching segments, the longitudinal axis of the parent vessel was aligned, and the angle of each of the branches was measured with respect to the axis of the parent vessel, so that the orientation of nuclei in each branch could be corrected and expressed with respect to the corresponding longitudinal axis of the branch. Photomicrographs of the endothelial surface were made at a final magnification of 350x.
Examination of curved and branching vessel segments such as the aortic arch was complicated by the difficulty encountered in stretching them flat for en face microscopic observation. Furthermore, as will be shown later, in the aortic arch and the upper abdominal aorta in the vicinity of the major branch orifices, the angle of nuclear orientation was found to change rapidly over short distances. For these reasons, two additional methods were devised: method 2 minimized distortion due to uneven stretching and method 3 established the overall continuity of nuclear patterns in regions where nuclear orientations were changing rapidly.
Method 2.-Small segments, l x l cm, were cut from the aortic wall of the arch and the upper * MICROSCOPE SIAGE
FIGURE 1
Diagram of method for measurement of orientation and the ratio of major to minor axes of endothelial nuclei. A: Arterial segment opened parallel to longitudinal axis of vessel. B: Opened vessel mounted in plane parallel to microscope stage. C: Schematic photomicrograph of endothelial nucleus. <j> i = angle of orientation of major axis of nucleus with reference to longitudinal axis of vessel; a = major axis of nucleus; bminor axis of nucleus.
abdominal aorta from four additional dogs. These small squares, with edges parallel to the longitudinal and circumferential axes of the parent vessel, could be mounted flat with little distortion. Evans blue dye, as described above for method 1, was used to stain the nuclei of endothelial cells for en face study. The endothelial nuclear patterns were then examined in the center of each of these small segments.
Method 3.-In six other dogs the aortic arch, including the ascending and upper portion of the descending thoracic aorta, was removed en bloc and opened along the lesser curvature in two arches, the greater curvature in two, the anterior wall in one, and the posterior wall in one. The orientation of endothelial nuclei was then examined sequentially at intervals of 1-2 mm around the vessel circumference at seven levels in each arch. The upper abdominal aorta in the region of the celiac, superior mesenteric, and renal artery branch orifices was also examined by this method.
'Nuclear Measurements.--The following three measurements were made to characterize quantitatively the endothelial nuclear patterns: (1) angle of orientation with respect to the longitudinal axis of the vessel, (2) nuclear shape, defined in terms of major and minor axes of the nuclei, and (3) nuclear population density.
Nuclear Orientations.-When viewing the endothelial surface of an artery en face, the nuclei are aligned in an oriented pattern which could be described as a vector field. In theory, the orientation of each nucleus could be specified by the angle, fa, that its major axis forms with the longitudinal axis of the vessel, as indicated in Figure 1C . A mean vector representing this field of nuclei could be calculated by assigning a unit vector to the measured angle of orientation of each nucleus and then computing the vector sum of the entire field of vectors. In practice this proved to be unnecessarily burdensome, and an alternative approach was used which yielded substantially identical results. Instead of measuring and recording fa of each nucleus (unit vector), a method was derived wherein all nuclei having angles falling within each of six selected ranges of angular orientation were counted on the photographs, using a rotatable transparent plastic overlay with multiple parallel grid lines. The grid was rotated to each of the six different positions so that 30° ranges, centered on -6 0°, -3 0°, 0°, 30°, 60° and 90°, were selected for each count. Since the angular dispersion of the unit vectors within each of these six ranges appeared random, the angle of the central value of the range was assigned to all unit vectors (nuclei) in the group. Accordingly, the unit vectors in each range were simply summed to a single vector having a Circulation Research, Vol. XXX, January 1972 magnitude equal to the number of unit vectors counted and a direction equal to the central angle of the range. The resulting vectors of the six ranges were then summed vectorially to obtain the mean vector of the entire field. The angle of this vector represented the mean direction of the nuclear axes and was defined as the average nuclear orientation angle.
Nuclear Shape.-The major and minor axes (a and b, respectively, in Fig. 1C ) of ten randomly selected nuclei from each photomicrograph were measured using a Bausch and Lomb optical comparator with a graduated reticle. The mean value of the ratio of the axis lengths was computed for a quantitative measure of nuclear shape.
Nuclear Population Density.-The nuclear population density (cells/cm 2 surface area) was also computed from each photomicrograph by counting the number of nuclei inside a standard circle on a plastic overlay and then taking into account the magnification factor.
The endothelial nuclear patterns were characterized according to these three types of measurements at 38 anatomic sites ( Fig. 2 ) in the arterial tree of each of the five dogs examined by method 1. The average ± SE of nuclear orientation, ratio of major to minor axis, and cell Diagram of a canine arterial tree. White vector arrows (numbered) indicate anatomic sites, listed in Table 1 , at which endothelial nuclear orientation (note orientation of vector arrows), shape, and population density were characterized. population density were then determined for each of these 38 sites.
PHYSIOLOGICAL STUDY
A segment of descending thoracic aorta was surgically removed and then reimplanted 90°f rom its original orientation to see if the endothelial nuclei in this segment would reorient to the new flow patterns. This was accomplished as follows: a left lateral thoracotomy was performed under sterile conditions on ten adult mongrel dogs (25-35 kg) under halothane inhalation anesthesia. A segment of the middle descending thoracic aorta, the length of which was measured to be slightly in excess of the vessel circumference (3.14 times the vessel diameter), was dissected free as shown in the upper left of Figure 3 . The segment was then excised and opened longitudinally as indicated by steps 1 and 2 in Figure 3 . The resulting square piece of vessel was then reclosed to form a tube with a new longitudinal axis 90° from the original vessel axis as shown in steps 3 and 4 of Figure 3 . The newly formed conduit was then sutured back into place in the thoracic aorta (step 5) and the chest was closed.
The animals were examined postoperatively at 3, 10, 21, and 70 days. At the time of examination, the animals were subjected to thoracotomy. External diameters of the thoracic aorta were measured above, at, and below the turned vessel segment with Vernier calipers. The pressure gradient and flow across the segment were measured with Statham manometers and an electromagnetic flowmeter. Following exsanguination, the descending thoracic aorta was removed en bloc, mounted, and stained as described earlier for examination of endothelial nuclear patterns. En face photomicrographs of the endothelial nuclei were taken in the turned segment and in adjacent areas of the thoracic aorta. These latter sites provided control endothelial nuclear patterns.
Results

ANATOMIC STUDY
Nuclear Orientation.-The results of the nuclear orientation measurements are given in Table 1 for the 38 anatomic sites examined by method 1. It will be recalled from the earlier discussion of Figure 1 that nuclear orientation is measured with respect to the longitudinal axis of the vessel. With this in mind, it can be seen in Table 1 that nuclei in many areas, e.g., the left circumflex coronary artery, have a strongly longitudinal or axial orientation approaching zero degrees, whereas in other areas, e.g., the aortic arch and the upper abdominal aorta, their orientation is clearly nonaxial. Table 2 presents more detailed nuclear orientation data from methods 2 and 3 for the special anatomic sites from the aorta where orientation patterns are changing rapidly. The small differences between the data in this table and those in Table 1 are related to the difficulty in selecting exactly comparable anatomic sites in the different groups of animals. Figure 4 shows a highly schematized composite representation of the data appearing in Tables 1 and 2 for the canine thoracic aorta. In the ascending thoracic aorta, there were two bands of axially oriented nuclei, one 
(3) 
Number of animals examined is in parentheses; a/b enteric orifice. ratio of major to minor axis length; SMO = superior mes- 0 to +30 0 to +45 0 to +30 -30 to +90 0 to +40 0 to +30 0 to +25 -45 to +40 0 to +10 0 to +25 0 to -20 0 to -10
No. animals 10 9 10 6 10 10 10 10 *Reflects presence of sharp discontinuity in the nuclear orientation associated with oblique ridge in this region (see upper portion of Fig. 4) ; fReflects presence of either single or double spiral configurations in the descending thoracic aorta.
in the greater curvature and one in the lesser curvature. Between these bands the mean nuclear axis underwent a gradual transition from zero to about 79° on the midventral wall and to -41° on the middorsal wall. Thus the nuclear orientation pattern on the dorsal wall of the ascending aorta was approximately a mirror image of that on the ventral wall. These two patterns gave the appearance of a double spiral. As shown in Tables 1 and 2, the orientation of nuclei in the region of the aortic arch orifices was markedly nonaxial, which reflects the convergence of nuclei toward the branch orifices. In the upper descending thoracic aorta, endothelial nuclei in six of ten dogs were oriented in a double spiral pattern similar to, but less marked than, that in the ascending aorta. In the remaining four dogs, the nuclei in the upper descending thoracic aorta were oriented in a single spiral. In the middle and lower thirds of the descending thoracic aorta the nuclei were axially oriented.
The overall nuclear pattern in the upper abdominal aorta is presented schematically in Figure 5 . Note that the field of nuclei is strongly oriented in the axial direction except 
Diagram of endothelial nuclear patterns in the canine ascending aorta, aortic arch orifice region, and upper descending thoracic aorta. At top center is shown the orientation angle (<p) of a nucleus with respect to the longitudinal axis (heavy black arrow) of the aorta.
near the large orifices, where the pattern also shows a large circumferential component. Moreover, the nuclei begin to converge toward the celiac and superior mesenteric orifices at a greater distance upstream than they do at the renal orifices. These nonaxial nuclear orientation patterns are reflected in the orientation angles in Assuming the volume of the nucleus to be that of a prolate spheroid, the mean volume was computed to be 320.2 ± 10.7 (SE) fi s . The mean ± SE of the axial ratio at each of the sites Circulation Research, Vol. XXX, January 1972 and the total number of animals examined are listed in Table 1 . The most strikingly elongated nuclei (i.e., largest major-minor axial ratios) were found in the left circumflex coronary artery (site 1) and in the region of the aortic arch orifices (sites 11 and 12). Other sites with large axial ratios included the upper abdominal aorta near the major branch orifices (sites 23-25), the superior mesenteric artery and its entrance region (sites 28 and 31), and the distal third of the descending thoracic aorta (site 22).
Sites with the most nearly round nuclei (i.e., smallest major-minor axial ratios) were along the greater curvature of the ascending thoracic aorta (site 10), the external iliac arteries and their entrance regions (sites 36 and 37), and the renal and axillary arteries (sites 32 and 18).
Photomicrographs of the endothelial nuclei in the ascending thoracic aorta are shown in Figure 6 . Flow is from left to right. The more rounded, less well-oriented nuclei on the greater curvature ( Fig. 6a ) contrast with the more elongated, strongly oriented nuclei on the ventral wall ( Fig. 6b ), lesser curvature (Fig. 6c ), and dorsal wall (Fig. 6d ). Figure 7 shows the rounded shape of endothelial nuclei
DORSAL FIGURE 5
Diagram of endothelial nuclear patterns in the canine upper abdominal aorta in the region of the celiac, superior mesenteric, and renal artery branch orifices (indicated by crescents). in the inferior vena cava; this represents a typical example of rounded, randomly oriented nuclei in venous endothelium overlying circumferentially oriented medial smooth muscle cells.
Cell Population Density.-The overall mean population density of endothelial nuclei at all sites was 13.1 X 10 4 ±0.3 X 10 4 (SE) cells/cm 2 . The highest density occurred in the celiac entrance region (Table 1 , site 27) and the lowest in the left circumflex coronary artery ( Table 1 , site 1).
PHYSIOLOGICAL STUDY
The orientation of the endothelial nuclei in the turned segment realigned with the longitudinal axis of the vessel following 10 or more days of exposure to aortic blood flow. This represented a shift in nuclear orientation of a full 90° from the original transverse direction present in the segment immediately after operation (Fig. 8b) . Photomicrographs from control areas just proximal and distal to the turned segment revealed the axially oriented endothelial nuclei characteristic of this region (Fig. 8a) . Examination of the turned segment 3 days postoperatively showed that the monolayer of endothelial cells was generally intact except in regions close to the suture lines. There were areas of C-or L-shaped nuclei (Fig. 8c ) and areas of rounded nuclei (Fig. 8d ). At 10 days and 21 days, the nuclei were essentially fully aligned with the axis of the aorta. The nuclei were hyperplastic and more rounded than normal at this stage ( Fig.  8e) . At 70 days, however, the nuclear pattern was more typical of the thoracic aorta with uniform, longitudinally oriented, elongated nuclei and a more normal population density (Fig.Sf) .
Discussion
We conclude from this study that (1) endothelial nuclei in regions such as veins that Circulation Research, Vol. XXX. January 1972
FIGURE 7
En face photomicrograph showing rounded endothelial nuclei and smooth muscle cell nuclei (elongated and oriented circumferentially) from inferior vena cava. The bar is 25*. are exposed to mild hemodynamic forces have a rounded shape when viewed en face, (2) endothelial nuclei in regions of strong hemodynamic forces, such as the aorta and its major branches, are more elongated or elliptical in shape when viewed en face, (3) the major axes of these elliptical nuclei tend to be arranged in continuous patterns or vector fields that are usually aligned with the expected directions of the local blood flow patterns, and (4) when the local blood flow patterns are changed, these vector fields reorient themselves within about 10 days to the new direction of flow. Therefore, the morphology of the endothelial nucleus, and probably also the endothelial cell as a whole, is sensitive to local hemodynamic events.
The exact mechanism by which the cell is responding to the adjacent flow pattern remains obscure at present. Although the cells could be responding to a variety of forces which are associated with hemodynamic events, such as the electrical forces of streaming potentials (10) , the simplest assumption is that they are molding to local mechanical forces, either actively by growth or passively by gradual viscoelastic creep. In either case, Circulation Research, Vol. XXX, January 1972 the molding forces will arise from the stresses developed in the adjacent boundary layer of the blood flow. In uniform vessel segments, these forces are known to act predominantly in the axial direction. The associated endothelial nuclei in these regions are also seen to be elongated in the axial direction. Thus we may assume that the cells are responding to the adjacent stresses by elongating in the direction that the stresses are acting.
In general, there are two types of stresses acting on the endothelial surface of a blood vessel, namely, pressure stresses and shearing stresses. It can be shown by approximate calculations that in larger arteries the forces on the endothelial nucleus due to shearing stress are considerably larger (about three orders of magnitude) than forces due to the pressure or the pressure gradient. Therefore it is reasonable to consider the shearing stress as the dominant force tending to mold the morphology of the endothelial cells.
Since shearing stress patterns have been shown to be correlated with certain aspects of the topographic distribution of lesions in experimental atherosclerosis and since altered endothelial cell patterns are also found locally in regions of intimal lipid deposition (11), it will be important to establish exactly how stress interacts with the cell to produce the observed changes in structural patterns. When more refined experimental techniques are available, it should be possible to "track" changes in cell morphology and orientation as a function of the stress field (7) , the time interval (T) over which the stress is acting, and other variables. In this manner we should be able to develop explicit functional relationships that express the underlying growth control or rheologic behavior of this vital surface. For example, using the relatively simple variables that were measured in the present study, one could approach the further study of these functional relationships as follows:
As a measure of deformation we may use, e = (a/b) -1, where a/b is the ratio of the major to the minor axes of the nucleus; e should be related to the history of the cell's stress exposure and thus will be determined not only by the magnitude of the stress but also by its duration. Moreover, under a constant unidirectionally applied stress field, e would be some monotonically increasing function of time. For example, a large e could occur from a relatively short duration of high intensity stress or from a long exposure to a mild but unidirectional stress. Significant periods of intense stress might occur repetitively for only a brief period during each cardiac cycle or might occur throughout most of the cycle for brief periods each day, as during the postprandial state in the celiac or superior mesenteric arteries.
Referring to Table 1 , most of the uniform portions of arteries tend to have large values of (a/b) -1. In these regions flow tends to be stable, and the average direction of the shear stress probably approximates that of the adjacent flow. Rounded or irregular nuclear forms occur in portions of the arterial tree where the direction of f is changing over the period T even though the instantaneous values of f may be very large. The ascending aorta and entrance regions of many major arteries have stress patterns such as these which can vary greatly with time. As can be seen from Table 1 , these same regions tend to be associated with smaller values of (a/b) -1.
Thus, although we cannot write explicit expressions as yet for the functional relationships between e and the stress ?, the data from the present study suggest that these functions must have properties of time delay and certain other properties such as monotonic response to stress. If realistic, explicit forms for these functions can be developed, we will have an important new set of tools with which to explore the mechanochemical behavior of this vital surface.
It is more difficult to speculate on the role that hemodynamics may play in influencing the population density of endothelial nuclei. The mean density for all sites in the arterial tree was 13.1 X 10 4 nuclei/cm--In regions where nuclei were most nearly round (as in the left axillary artery), there was some tendency for the densities to be high, whereas in regions where nuclei were elongated (as in the left circumflex coronary artery), the population densities tended to be low. These data may be interpreted to suggest that unsteady or turbulent flow may act not only to cause disorientation but also to stimulate the proliferation of endothelial cells. Hyperplastic endothelial cells with rounded nuclei are also seen in en face preparations of early atheroma (11).
Further interpretation of the data in this study would require exact experimental measurement of blood velocity profiles and wall shear stresses at each anatomic site continuously over extended periods. When techniques for these kinds of measurements become available, we shall be able to pursue in much greater depth the unanswered questions raised by the present study. Answers to these questions will significantly broaden our understanding of the important mechanisms coupling mechanical events to the physiology and pathology of the endothelial surface.
